We have fabricated and characterized 2.7 and 2.8 m wavelength In͑Al͒GaAsSb/GaSb two-quantum-well diode lasers. All lasers have 2 mm cavity lengths and 100 m apertures. Continuous wave operation up to 500 mW was recorded at 16°C from 2.7 m lasers, while 160 mW was obtained from 2.8 m lasers. Threshold current densities as low as 350 A/cm 2 were recorded from 2.7 m lasers with external quantum efficiencies of 0.26 photon/electrons. The maximum wall-plug efficiency was 9.2% at a current of 2.4 A. A peak power of 2.5 W was recorded in pulsed-current mode operation at 20°C at 2.7 m and 2 W at 2.8 m. However, maximum cw output power at 10°C for a 2.7 m wavelength device was about 3 mW ͑Ref. 3͒ with high cw operation threshold current densities, J th , of 700 ͑Ref. 3͒ and 1200 A/cm 2 .
High-power midinfrared diode lasers operating at room temperature ͑RT͒ have important application in infrared countermeasures, light detection and ranging ͑LIDAR͒, remote trace-gas monitoring, and secure free-space communications. Recent work extended RT continuous wave ͑cw͒ operation of antimonide-based devices from 2 m ͑Ref. 1͒ to a wavelength of 2.7 m.
2,3 The 2.7 m devices incorporated two to three 20-nm-wide InGaAsSb quantum wells ͑QWs͒ surrounded by an Al 0.3 Ga 0.7 As 0.03 Sb 0.97 barrier and separate heterostructure-confinement layers to form type-I band alignment. The composition of the quantum wells was In 0.38 Ga 0.62 As 0.02 Sb 0.98 ͑Ref. 2͒ and In 0.4 Ga 0.6 As 0.15 Sb 0.85 . 3 However, maximum cw output power at 10°C for a 2.7 m wavelength device was about 3 mW ͑Ref. 3͒ with high cw operation threshold current densities, J th , of 700 ͑Ref. 3͒ and 1200 A/cm 2 . 2 Most recently, we demonstrated 1 W RT cw operation at ϭ2.5 m by optimizing the laser structure. This design reduced internal loss, ␣ i to 4 cm Ϫ1 . 4 In this study, we have used the laser design with improved materials prepared by further growth optimization of our previous QW materials. 5 We achieved 2.7 and 2.8 m RT cw operation with maximum power of 500 and 160 mW, respectively. A cw J th as low as 350 A/cm 2 in the p-cladding layer. 6 The undoped separate confinement heterostructure ͑SCH͒-and barrier-layer composition is Al 0.25 Ga 0.75 As 0.02 Sb 0.98 . Improved QWs were developed by optimizing RT photoluminescence ͑PL͒ intensities in a lowtemperature MBE growth environment. 5 The improved QWs have relatively lower strain than our earlier 2.0% compressively strained QWs. 2 More than a threefold increase in RT PL peak intensity from the earlier reported high power laser development 2 was achieved during PL optimization by reduction of strain and low QW growth temperature of 350°C. QWs for 2.8 m lasers͒. They are 1.8% and 1.3% compressively strained, respectively. The wafers were processed into 100 m aperture lasers with antireflection and highreflection facet coatings of 3% and 95% reflectivity, respectively. A cavity length of 2 mm was used in this work. The devices were indium soldered p side down to water-cooled copper mounts and characterized.
Figures 2͑a͒ and 2͑b͒ show the cw output-power characteristics of 2.7 and 2.8 m lasers, respectively. The 2.7 m laser cw threshold current, I th , is 0.7 A (J th ϭ350 A/cm 2 ), and near threshold the external efficiency, d , is 0.26 photons/electron. With an increase in current, the power tends to saturate as a result of heating, and the maximum power is 500 mW at a coolant temperature of 16°C. The wall-plug efficiency of 9.2% occurs at current of about 2.4 A. Higher threshold current density (J th ϭ1200 A/cm 2 ) and lower efficiency ( d ϭ0.16) were observed from the 2.8 m laser, also at 16°C ͓Fig. 2͑b͔͒ with a maximum cw power of 160 mW. Figure 3 shows the pulsed-current mode operation characteristics of a 2.7 m laser. A peak power of 2.5 W was recorded at 20°C. The pulse duration was 200 ns at frequency of 11.5 kHz. The multimode spectra were measured in the temperature range of 20-60°C, and a maximum wavelength of 2.75 m was recorded at 60°C. Over that temperature range, T 0 , which characterizes the exponential increase in I th , is 71 K, and T 1 , which characterizes the exponential decrease in slope efficiency, is 86 K. This T 0 value is much higher than that reported for 2.7 m antimonide lasers ͓T 0 ϭ40 K ͑Ref. 2͒ and 45 K͔. 3 The longwavelength edge of the spectrum increases at a rate of 1.3 nm/K, as expected for antimonide-based midinfrared lasers. 7 Comparing the wavelength shift in cw operation at various currents with the thermal wavelength shift, we estimate the   FIG. 4 . Pulsed-mode ͑200 ns, 11.5 kHz͒ output-power and spectral characteristics of 2.8 m diode lasers. The characteristic temperatures T 0 ϭ59 K and T 1 ϭ72 K. thermal resistance of the device to be about 5 K/W.
Pulsed-current mode characteristics of 2.8 m lasers are summarized in Fig. 4 . Peak power greater than 2 W was recorded at 20°C. The longest emission wavelength of 2.82 m was recorded at 47°C. The characteristic temperatures T 0 and T 1 , measured in pulsed-current operation over the temperature range of 20-60°C, are 59 and 72 K, respectively. These parameters are lower than those measured for the 2.7 m laser and comparable to 2.5 m lasers. 4 Characteristic temperatures generally decrease with increasing wavelength for antimonide diode lasers. 2 In conclusion, we have developed high-power 2.7 and 2.8 m In͑Al͒GaAsSb/ GaSb double-quantum-well diode lasers operating in continuous wave at room temperature. Previously reported waveguide design features, along with increased In and As content in the quantum wells, enable continuous-wave output powers of 500 mW at 2.7 m and 160 mW at 2.8 m, both results occurring at 16°C. The relatively low series resistance of 0.18 ⍀ and better material quality, represented by the high values of T 0 and T 1 , are the reasons for the high output powers. We are currently investigating ways in which to achieve longer-wavelength devices ͑Ͼ3.0 m͒ operating in continuous-wave at room temperature.
